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Image processingApproximately 300million powered two-wheeler vehicles (PTWs) are currently in possession around theworld,
and PTWs bear the role of personalmobility especially in regions of Southeast Asia, wheremotorization is rapidly
expanding,while they are also coming into focus as a type of vehicle that is better for the environment. This paper
presents past efforts to utilize PTWs and their current situation. In addition, the possibility of realizing safe mo-
bility by equipping PTWs with probes is examined.
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1.1. Trends in PTW usage on the world's roads
According to statistical data, the annual global production of four-
wheeled vehicles (including passenger vehicles, buses, and trucks)
reached 84.14 million (2012), with 1.07108 billion in possession
(2011) [1]. Meanwhile, the annual global production of PTWs reached
a total of 59.379 million (2011) in the key countries indicated in
Table 1 [1] with nearly 300 million in possession in key countries
(2008–2011) [1,2]. As shown in Table 2 [1], the adoption of PTWs is no-
table in Southeast Asia at a ratio of three persons per vehicle inMalaysia
(2011) and Vietnam (2009) and four persons per vehicle in Thailand
(2011) and Indonesia (2009).This indicates the large role PTWs play
as modes of personal transportation in these countries.
With regard to the actual usage of PTWs in Southeast Asia, Fukuda
et al. investigated the usage situation in Thailand, Vietnam, and so on,
and conducted a macro-analysis of the relationships among income
level, public transportation, road maintenance, and PTW ownership,
and forecast future shifts in PTW adoption in the literature [3,4]. These
studies also show the position PTW taxis (for example, motorcycle taxis
called “soi-bikes” in Thailand) occupy as the terminal transportationon of Trafﬁc and Safety Sciences.
International Association of Trafﬁc ameans in Southeast Asian cities. As shown in Table 2, PTWusage demon-
strates an upward trend, which requires the establishment of trafﬁc
capacity estimation approaches and construction strategies for road facil-
ities that consider PTWs, such as PTW wait zones. There has also been a
need for trafﬁc facility design and allocation plans using PTW taxis as
means of urban transportation [4].
1.2. PTW trends in road trafﬁc in Japan
In 2012, therewere approximately 400,000 PTWs sold in Japan, con-
tinuing a trend of about 400,000 sold annually over the past several
years. Of the approximately 12 million PTWs in possession in Japan,
8.48 million, or over 70%, are in the category of 125 cm3 displacement
or less. This category of PTWs is used for commuting to work/school,
for delivery services such as post, newspapers, and messengers, for po-
lice patrols, and so on [5]. It is known that PTWs occupy one-third the
area that four-wheeled vehicles do [6]. The average number of passen-
gers per vehicle on weekdays in Japan is about 1.3 [7]. These facts indi-
cate that switching to PTWs from four-wheeled vehicles ridden by one
passenger inmetropolitan areaswhere trafﬁc is severe could potentially
increase average speeds by 35% and increase the trafﬁc capacity of
roads, making road utilization more efﬁcient [6].
Energy issues have materialized in Japan since the Tohoku earth-
quake of March 11, 2011. Sub-125 cm3 displacement category PTWs
have a distinct advantage in fuel efﬁciency over four-wheeled vehicles
and large-displacement PTWs (Fig. 1). On the other hand, drivers who
acquire a normal driver's license for four-wheeled vehicles in Japan
can only operate PTWs of 50 cm3 displacement or less. This category
of vehicles is restricted by law tomaximum speeds of 30 km/h on public
roads and must take a two-step process to make right-hand turns on
roads with three lanes or more each way (under the left-hand trafﬁcnd Safety Sciences.
Table 1
World motor vehicle statistics.
Global production numbers of motorcycles by country/region
Country/region 2011
Austria 48,710
Czech Republic 1,155
France 74,359
Germany 110,084
Italy 414,000
Spain 95,399
United Kingdom 23,886
Russia –
Brazil 2,136,891
China 27,005,224
India 15,453,619
Indonesia 8,006,293
Japan 639,187
Malaysia 498,076
Pakistan 858,576
Philippines 762,947
South Korea –
Taiwan 1,207,428
Thailand 2,043,039
Total 59,378,873
Global numbers of motorcycles in possession by country/region
Year Country/region Number
2011 Italy 8,610,000
2011 Spain 4,070,032
2011 France 3,439,417
2011 United Kingdom 1,468,800
2011 Netherlands 1,269,433
2011 Switzerland 833,891
2011 Austria 712,635
2011 Poland 2,102,175
2011 Czech Republic 944,171
2009 Russia 4,710,000
2011 Turkey 2,527,190
2009 United States 7,929,724
2009 Mexico 1,201,046
2009 Colombia 2,630,391
2011 China 102,602,397
2009 Indonesia 52,433,132
2011 Japan 12,205,926
2011 Thailand 18,152,469
2011 Taiwan 15,173,602
2011 Malaysia 9,986,919
2009 Vietnam 25,414,689
2009 South Korea 1,820,729
2009 Pakistan 5,607,334
2011 Philippines 3,760,893
Total 289,606,995
Documentation: Motorcycle industry associations, etc. Ministry of Land, Infrastructure,
Transport and Tourism,Ministry of Internal Affairs and Communications, ACEM, FAMI, etc.
Table 2
Global motorcycle adoption rate by country (number of persons per vehicle).
Year Country Adoption rate (persons)
2011 Malaysia 3
2009 Vietnam 3
2011 Thailand 4
2009 Indonesia 4
2011 Italy 7
2011 Switzerland 9
2011 Japan 10
2011 Spain 11
2011 Austria 12
2011 Netherlands 13
2011 China 13
Documentation:Ministry of Land, Infrastructure, Transport and Tourism,Ministry of Inter-
nal Affairs and Communications, ACEM, FAMI, etc.
Global population documentation: OECD, United Nations
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Fig. 1. PTWs fuel economy in steady state (2013 Manufacturer Model, Japan).
59T. Sekine / IATSS Research 38 (2014) 58–70rules). To operate a 125 cm3 displacement class PTW that complies with
international standards and follows the maximum speed limit of four-
wheeled vehicles, a special PTW license for normal PTWs (limited to
compact types) must be acquired separately. Therefore, the number of
drivers licensed to operate 125 cm3 displacement PTWs is 236,000, a
limited number in proportion to the 81.49 million people licensed to
drive in Japan [8]. In contrast, to reduce the burden of acquiring a nor-
mal PTW license in addition to the four-wheeled driver's license, there
has been a proposal from the industry for a speciﬁc training curriculum
[9]. Revision of the training system in the future is expected to promote
the use of this category.
With regard to micro-analysis of PTWs in operation, a common ob-
servance in Japan, where predominantly four-wheeled vehicles occupy
trafﬁc, is the sight of PTWs driving in between four-wheeled vehicles on
congested arterial roads. It is suggested that establishing PTW lanes or
having PTWs share bus lanes would regulate PTW trafﬁc and thereby
support efﬁcient transportation while improving safety [10,11,12].1.3. PTW accidents
Infrastructure maintenance has been unable to keep pace with the
rapid increase of vehicles in developing countries in Southeast Asia,
and there have been instances where drivers, pedestrians, and other
trafﬁc participants are unable to adapt awareness and competency
amid changes in road trafﬁc. The result has been a high rate of trafﬁc fa-
talities per capita in developing nations [13]. The rate of trafﬁc fatalities
involving motorcycles (including three-wheeled vehicles) in Southeast
Asia overall is 33%higher than the global average (Fig. 2; [13]). Although
in these statistics, three-wheeled vehicles and PTWs are classiﬁed under
the same category, the countries where there are high rates of PTW
adoption (Table 2) show signiﬁcantly higher fatality rates in motorcy-
cles accidents: 59% in Malaysia, 74% in Thailand, and 32% in India [13].
Therefore, it can be deduced that PTW accidents constitute the major
proportion of motorcycle accidents. Moreover, the statistical data of
these trafﬁc accidents in developing nations often have disputable
accuracy or poor quality, prompting a trial switch to technology such
as trafﬁc accident statistics in Japan or databases that are linked tomed-
ical institution data on trafﬁc accidents in Europe.
To reduce trafﬁc accidents, accident data must be analyzed and ef-
fective safety measures implemented. In Japan, analyses of PTW acci-
dent data from 2002 to 2011 have been reported [14,15]. These
macro-analyses have shown that the types of accidents with a large
number of fatalities over the entire data cycle have been right-hand
turns (under left-hand trafﬁc rules) into oncoming trafﬁc in cities [16].
Among these accidents, there are characteristics according to vehicle
type, such as many cases of accidents involving oncoming four-
wheeled vehicles that are merging laterally onto roads, 50 cm3 or
lower displacement PTWs, which are often driven on the leftmost
lane, and higher-performance PTWs exceeding 125 cm3 displacement
often being involved in head-on collisions during right-hand turns
[14].Micro-analysis of each accident shows that it is necessary to reduce
Fig. 2. Road trafﬁc deaths by type of road user, and by WHO region.
Photo. 1. Over-capacity riding in a developing country.
60 T. Sekine / IATSS Research 38 (2014) 58–70chest injuries; personal injury occurs most often in the head, followed
by the chest, with the injurious elements often being vehicles as well
as roads [15].
Examples of statistical data analysis of trafﬁc accidents in Japan are
given here, but as discussed in the WHO trafﬁc accident statistics [13],
trafﬁc accidents vary drastically according to trafﬁc environments. It
stands to reason that it is important to collect and analyze trafﬁc
accident data on PTWs in each developing nation.
1.4. Trafﬁc safety measures for PTWs
To utilize PTWs more efﬁciently, their advantages as a convenient
means for transportation must be leveraged as outlined above, while
at the same time accidents involving PTWs need to be reduced. The 3E
approach of environment, education, and engineering is necessary to
mitigate trafﬁc accidents.
In terms of environment, road structures that inhibit accidents are
necessary. In the case of Europe, road design policies that take PTW
body structure and maneuverability into account can be cited [17].
Discussed among these are curve designs that are sensitive to PTW
body bank behavior, road shoulder clearance, intersection design lay-
outs with improved visibility to reduce head-on collisions, and speed
bump shapes that do not interfere with vehicle operation. Guidelines
such as these would be welcome in developing countries where PTWs
are rapidly increasing in number.
Next is the subject of education. Because PTWs have a structurewith
wheels arranged in a line from front to rear, a rider may fall bymaking a
mistake in balancing the PTW. Moreover, as riders are externally
exposed, it is difﬁcult to design a structure that absorbs the energy of
collisions unlike in the case of a four-wheeled vehicle. If a PTW collides
with or strikes a vehicle on the road, the probability of serious injury to
the PTW rider is higher than that to the passenger of a four-wheeled ve-
hicle [16]. Therefore, one proposed measure for PTW safety is to avoid
driving conditions that involve a high risk of accidents. This is calledzero-order safety, which precedes active safety (ﬁrst-order safety) to
avoid accidents and passive safety (second-order safety) to protect pas-
sengers. Promoting an understanding of vehicle movement characteris-
tics and safety driving education are ways to achieve this. A speciﬁc
example is driving over passenger capacity, which occurs in developing
nations, as shown in Photo 1.
Compared to four-wheeled vehicles, PTWs have a high center of
gravity and short wheelbase. Driving under these conditions impacts
stopping characteristics as there is a large shift in load when stopping,
and responsiveness is reduced during lane changes [18]. Attempts at
curtailing overcapacity driving include the use of safety driving educa-
tional materials with actual video of test driving so riders understand
this degrading characteristic of vehicle movement. Improvements in
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Fig. 3. PTWs' minimum turning radii (2013 Manufacturer Model, Japan).
61T. Sekine / IATSS Research 38 (2014) 58–70conﬁrming safetywhile drivinghave been conﬁrmed through instructor
guidance and exposing drivers to risk in safety education simulators
[19], and low-cost safety education simulators are beginning to appear
on the market.
With regard to engineering, some large PTWs come equipped with
airbags, some of which are wearable and inﬂate when riders fall, but
PTWs equipped with collision-absorbing features are limited. In terms
of active safety, there are PTWs on the market with ABS, but there are
still no automatic braking systems or lane maintenance assist systems
like ASV technologies that are found in four-wheeled vehicles. As stated
earlier, riders must control the balance of PTWs moment by moment
while driving, whether they are cornering or changing lanes. While
the characteristics of PTW movement are increasingly illuminated
[20], the characteristics of the rider who operates it are yet to be fully
understood due partly to a diverse range of rider control skills, which
is one factor why a vehicle behavior support system is not in place.
To combat this, a PTW ASV preventive safety technology that improves
PTW conspicuity based on analysis of accident factors is being investi-
gated. Visibility improvement technologies such as conspicuity
improvement through vehicle industrial design or inter-vehicle com-
munication technology that allows vehicles to mutually identify each
other's position at intersections with poor visibility or stopped vehicles
that are difﬁcult to see are being researched [21].
In actual trafﬁc conditions, the characteristics of trafﬁc ﬂow at inter-
sections are generated from factors such as road alignments, rate of
mixed vehicle types in trafﬁc, and so on. It is possible to reduce trafﬁc
accidents by analyzing the characteristics of potential risks at every
site and making them accessible in databases, providing intersection
risk information to vehicles in proximity to these intersections, and
using this information in support systems [22]. However, PTWs in actual
mixed trafﬁc havewidths that are narrower than four-wheeled vehicles,
giving them greater freedom of position within lanes and allowing di-
versemaneuvers such as driving on shoulders and in between other ve-
hicles [10].
Thismakes it difﬁcult for instantaneous recognition of PTWs through
stereo cameras that are being adopted in four-wheeled vehicles and
ﬁxed cameras installed at intersections. Information transmission
systems on PTWs are expected to operate inter-vehicle communication
and site-speciﬁc databases efﬁciently.
2. Investigation of PTW use via onboard probe functions
2.1. Requirements of onboard probe functions for PTW
As described in the previous section, even as PTWs are rapidly being
adopted in Southeast Asian countries, PTWs have a potential role in ful-
ﬁlling personal mobility in advanced nations as well.
This section discusses the requirements of onboard probe functions
for PTW, which will contribute to the realization of a safer mobile
society. The requirements should be considered from three viewpoints:
improvement of active safety while driving, analysis of accident factors,
and information collection and transmission in times of disaster.
Improvement of active safety while driving: As stated in the previous
section, PTWs often drive in between other vehicles or on shoulders
through a trafﬁc jam on arterial roads of a metropolis such as Tokyo.
Because of this, broadside collisions such as right-angle collisions ac-
count for a high share of PTW accidents. A number of serious accidents
involve PTWs against four-wheeled vehicles going at speeds of 20 km/h
or lower. In such cases, accidents occur due to the delay in noticing each
other's presence [23]. An effective accident avoidance method in such
situations will be to notify the trafﬁc conditions such as a traversable
gap in front of the PTW and the distance to the preceding vehicle, to
the PTW driver ahead of time, as well as to notify the PTW's existing
position to the other vehicle. In addition, since the distribution of
high-accident locations of PTWs is different from that of four-wheeled
vehicles, creating near-miss maps speciﬁed to PTWs is useful for theiractive safety. To create the maps, the probe functions are expected to
play the same role as a car navigation system, which is used inmapping
systems for four-wheeled vehicles to detect sudden braking (decelera-
tion 0.25 G or more) and transmit this information to the network serv-
er [24].
Analysis of accident factors: In Japan, the cumulative number of ship-
ments of drive recorders installed on service vehicles such as taxis and
delivery trucks is approximately 420,000 (April 2010); cumulative ship-
ments of drive recorders on personal vehicles have reached 134,000
[25]; and the usage of drive recorder data in understanding trafﬁc
accidents is increasing. In addition, the safety awareness of drivers has
been enhanced by equipping four-wheeled vehicleswith video drive re-
corders; car accidents are on a decreasing trend [26]. In Japan, a public
agency has issued an application manual on how to use drive recorders
to prevent trafﬁc accidents [27,28]. They are being introduced in compa-
ny vehicles for preferential treatment in auto insurance, and this prac-
tice is expected to expand to domestic usage.
However, devices for PTW use are being sold more on
entertainment-based appeal to save GNSS location information and
driving video for enjoyment and post-drive logging, with relatively
few featuring drive recorder functions for determining details in trafﬁc
accidents and near-miss situations. Some factors that limit PTW drive
recorders include the following characteristics unique to PTWs.
• Vehicle shape: the vehicle size is small, so there is limited space to
install drive recorder units and sensors. Moreover, road and engine
vibration is transmitted more directly by the frame than in four-
wheeled vehicles.
• Vehicle behavior: turning involves a balance between gravity and cen-
trifugal force, with the body of the PTW rotating on the roll axis when
cornering. In addition, as the wheelbase is short, there is also greater
suspension displacement during acceleration than in four-wheeled
vehicles. This makes the installed measurement devices susceptible
to the effect of gravitational acceleration and body posture angle.
Therefore, in order to know the running condition of a PTW, it is
necessary to detect the roll angle.
• Drive behavior: as previously discussed, riders drive in between vehi-
cles and on shoulders in mixed city trafﬁc. In cases of accidents under
such conditions, the position of the PTW is sometimes not clearly
recorded in the camera mounted on the four-wheeled vehicle.
In designing the drive recorder for PTWs, it is required that it not
only record the PTW's surroundings but also have a function for easy
measurement of its attitude. Moreover, by adding the function of auto-
matic data collection using ICT, it will reduce the trouble of collecting
and organizing data, which has been pointed out as the obstacle to its
practical realization, as well as make it possible to do real-time
processing.
Information collection and transmission in times of disaster: The third
merit is that by using PTWs asmovable tools for transmitting, receiving,
and collecting information in emergency situations such as disasters.
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62 T. Sekine / IATSS Research 38 (2014) 58–70Thewidth of a PTW is 1m or less (including the handles). Thewheel
load of a PTW is lighter compared to that of a four-wheeled vehicle. In
addition, the minimum turning radius of a PTW with an engine dis-
placement of 125 cm3 is as small (at about 2 m). As a result, a PTW
can easily turn around by inclining the body on a road with a width of
4 m in a high density residential area (Fig. 3).
In Japan, in the wake of the Great East Japan Earthquake of 2011, a
revision of the Basic Disaster Management Plan was implemented,
which enhanced diversiﬁcation of the means of on-site information-
gathering in the initial reaction to the disaster.
Analysis of the results of the Great Hanshin-Awaji Earthquake of
1995 [29] has shown that if a large-scale earthquake hits ametropolitan
area and buildings are collapsed in residential areas, it is expected that
community roads blockage rate will increase. In high building density
areas, such as a downtown area, it is impossible to know thedamage sit-
uation of the roads in detail from aerial photographs taken by a camera
mounted to a drone. The buildings themselves, their collapsed roofs,
and their shadows block the drone's view. PTWs, on the other hand,
can directly go into the sites and investigate the road situations. Cur-
rently, in the Fire Department, the Interprefectural Emergency Rescue
Unit in the Police Department, and the Self-Defense Forces in Japan,
PTWs are used for information collection in an initial response. In
2014, a team of 250 cm3 off-road motorcycles was newly organized in
the TokyoMetropolitan Police Department, andwill work as emergency
vehicles that can drive through rubble and abandoned vehicles in disas-
ter sites.
According to our interview research with persons who have had
practical experience on disaster sites, the situation reports are provided
voice reports and with photographs taken while making stops at each
site.
If PTWs equipped with a probe function are used for this purpose, it
is possible to transmit status reports, which includes information on
road surface damage and the locations of passable points and collapsed
buildings, on-the-spot to emergency response headquarters while
smoothly traveling. If the disaster response headquarters has the full
picture of road damages, a quick road recovery during the initial
response can be expected.
A part of the requirements cannot be practical with the same algo-
rithm for four-wheeled vehicles, although someof them, such as sudden
braking point detection, can be implemented. To build up the system
that implements these requirements, you need to consider the speciﬁed
characteristics of the PTW. The following sections introduce case studies
of the probe functions on the PTW as conducted by the author and dis-
cuss these features based on characteristics of the PTW, which have not
been discussed much in previous studies.
2.2. Measurement of PTW drive states using CCD cameras
As previously discussed, in order to specify driving conditions such
as the cornering speed of the PTW, it is necessary to measure the roll
angle of the body. On the other hand, vibration is directly transmitted
to the body in PTWs, and the characteristics of vibration vary according
to the running speed of PTWs (Fig. 4 is an example of vertical accelera-
tion). Therefore, in order to calculate the angle through the integration
process of the angular velocity using the rate gyromounted on the vehi-
cle, a high-performance gyro with a function to remove drift and noise
using the Kalman ﬁlter is required.
Meanwhile, smartphones are equipped with gyro sensors, although
they are downscaled sensors, but are expected to calculate the roll angle
directly without integration process by using an image from a CCD cam-
era attached for gathering the surrounding situation. Currently, com-
pact, high-resolution CCD cameras are becoming widespread, which
makes it possible to build a compact system relatively inexpensively.
In this paper, the author developed a simple roll anglemeasurement
system using image processing and implemented performance valida-
tion using actual public road tests.There is an increasing trend of 124 cm3 displacement scooter-type
PTWs (Photo 2), which are spreading globally as well as in Japan, and
are used here as experimental vehicles equipped with a system of two
Photo. 3.Mounted state of stereo-camera system.
63T. Sekine / IATSS Research 38 (2014) 58–70CCD cameraswith the speciﬁcations indicated in Table 3. These systems
are installed on the front of the vehicle to capture forward footage
(Photo 3). The CCD stereo camera performs a distance measurement
at the same time. In addition, it also serves as a sub-camera in the roll
angle measurement.
Image analysis involves converting each frame of video (30 fps), in
which two screens are synchronized within one screen, into a static
image while splitting each camera screen andmaking the images paral-
lel through image correction. Then, the binarized images are used to
detect target lines that serve as reference lines for the calculation of
body roll angle and to detect parallax coordinates to calculate vehicle
distance (Fig. 5).
Rather thanmeasuring posture angle through an onboard gyro, PTW
drive conditions are processed while the vehicle is in motion by calcu-
lating body posture angle according to perpendicular references from
facilities in proximity to roads (utility poles, marker posts, buildings,
etc.) and horizontal references found in vehicles head such as trunk
areas, which are used to calculate the target body roll angle.
Through the image conversion described above, two arbitrary points
in the reference straight line calculated through Hough transform are
set as image coordinates (X1Y1) (X2Y2); these values make it possible
to ﬁnd the angle of slope θ in the straight line using formula (1). This
angle is the difference from the body on which the camera is ﬁxed, or
body roll angle θ (Fig. 6).
θ ¼ tan−1 X2−X1
Y2−Y1
 
degð Þ ð1Þ
Using the values calculated in the previous and following frames
with time series variation of the roll angle found in each frame image,
amoving average is deﬁned for smoothing,which eliminates the impact
vibration on the cameras.
To estimate the distance to objects ahead, the parallax in the stereo
camera images is calculated using formula (2).
Z ¼ BF
D
Z : Distance of object mð Þ B : Distance of camera lens mð Þ
D : Parallax mð Þ F : Focal length mð Þ
ð2Þ
Feasibility of the analysis method proposed from the condition de-
tection percentage of driving in mixed trafﬁc on public roads was vali-
dated for the body roll angle and distance to objects calculated above.
The driving courses were established in Chiyoda Ward, which includes
PTW accident-prone locations in Tokyo, the capital of Japan [30]. To
study the detection range of vehicle posture in diverse trafﬁc conditions,
analysis sections with characteristic trafﬁc conditions (major arterial
roads, arterial roads, and residential roads [one-way trafﬁc], the four
sections circled in the ﬁgure, totaling approximately 4.4 km) were in-
corporated into courses totaling 6.6 km in length (Fig. 7).
The experiment participant (less than one year driving experience,
male) was instructed in normal driving style and drove along the
courses in Fig. 7 for the ﬁrst time. At the time, a high-performance
gyro (the Crossbow-made NAV-400, which measures triaxial accelera-
tion, angular velocity, and angle) that is used in the vehicle movement
characteristic experiment was installed in addition to stereo cameras,Table 3
Camera speciﬁcations.
Number of pixels (Mpixel) 0.38
Focal length (mm) 3.6
Video output 1Vp-p 75Ω BNC-J
Power supply (V/mA) DC12/120
External dimensions (mm) H34 × W34 × D30
Mass (g) 60and posture angle calculated from the camera video processing was
compared against the measured values of the gyro for veriﬁcation.
The vehicle posture angle detection percentages in the four analyzed
sections are shown in Table 4. The data analysis targeted driving data
that was presumed to be used for trafﬁc accident analysis and near
misses. Percentage of target detection for identifying posture through
camera video during the day was 98% in the analysis sections, and
changes in surroundings along the drive route had little effect on the de-
tection percentage. The reason given for this was that there were many
objects (building walls, preceding vehicles, road structures, etc.) along
the experimental route in the middle of the capital. Places where
straight lines could not be detected were under bridges where there
were few target objects and places where the boundaries between
buildings were unclear.
Fig. 8.1 and 2 are examples of values comparing the roll angle calcu-
lated from image analysis with valuesmeasured by the gyrowhen turn-
ing right and approaching vehicles, respectively. Although the right
curve with a maximum roll angle of 12° in Fig. 8.1 shows a deviation
of about 2° where surrounding target objects shifted during the turn,
the timing of raising the vehicle body can be calculated without devia-
tion. When approaching vehicles in Fig. 8.2, the reference objects held
a stable angular ﬁeld in the camera, so there was no deviation between
the values detected and the values measured by the gyro.
In the case of Fig. 8, two situations that show characteristic recogni-
tion rates in the actual road test are selected. Here, Fig. 9 shows the cam-
era calibration of the vehicle in a stopped state with the vehicle body
tilted. If the targets enter the screen continuously, it is clear that there
is a high probability of recognition accuracy. As a result, improvement
in recognition accuracy is expected by re-selecting the number of pixels
and the viewing angle of the camera.
The environment recognition rates in actual running are supposed to
be used in practical realization of the probe system. In addition, by using
smartphones equipped with a gyro sensor and a camera, a reasonable
calculation system of the roll angle with good traceability can be con-
structed while preventing drift or integration error.
Next, an example of vehicle distance results calculated from stereo
parallax is shown. Trafﬁc accident statistics in Japan show that trafﬁc
accidents where PTW passengers receive severe injuries involve four-
wheeled vehicles 90% of the time [16]. In consideration of this situation,
the distances from four-wheeled vehicles were analyzed as case
examples. Fig. 10 shows the approach to a stopped vehicle (a taxi in the
photograph). The graph shown in Fig. 10 is plotted in 0.1-second intervals
for the sake of convenience. As shown in the ﬁgure, when preceding ve-
hicles are distant, vehicle distances cannot be accurately calculated due to
the reference length of the stereo camera and issues in detection resolu-
tion performance caused by the CCD camera's speciﬁcations. However,
Fig. 5. Image analysis algorithm.
64 T. Sekine / IATSS Research 38 (2014) 58–70after approaching distances of 4 m away from stopped vehicles (approx-
imately three seconds out), there is sufﬁcient parallax resolution
performance, allowing the detection of the distance from other vehicles,
conﬁrming that it can be used to determinemovements just before colli-
sions and near misses.
The fact that useful front images are produced for accident informa-
tion through images from stereo cameras, while relative distance and
roll angle is simultaneously calculated, suggests that this is a viable
method to collect reasonable driving data on PTWs despite their limited
space. Performance improvements are expected through selecting cam-
eraswithmore appropriate speciﬁcations (auto-contrast features, effec-
tive pixels in sensors, dynamic video capture improve, etc.) and setting
more suitable reference lengths within the width of the PTW body.
When there are multiple objects ahead, the distance from each is
calculated, and the lateral distance from each object is separatelyFig. 6. Algorithm for calcalculatedwith the corrective coordinate system in the analyzed images
using the PTW as a base point, which enables the calculation of relative
distances among objects and opens up investigations into the detection
of gaps in front of the PTW that can be traversed. Detection of travers-
able gaps and relative positions can be applied to driver support systems
proposed in the Section 2.1 by warning riders about collision risks and
providing PTW information directly to other vehicles via inter-vehicle
communication.
2.3. Use of PTWs as an information collection and transmission unit
The previous section examined the characteristics of PTWs and
attempts to determine PTW movements in mixed trafﬁc through on-
board stereo camera footage. At the same time, measured drive speed
and acceleration data could not only be used for the analysis of theculating roll angle.
Fig. 7. Experimental road map in Chiyoda Ward, Tokyo, Japan.
Table 4
Detection results of roll angle on actual roads.
Analysis section ① ② ③ ④
Number of frames in section 2350 1110 946 3160
Number of undetected frames 55 20 28 51
Detection rate (%) 97.7 98.2 97.0 98.4
Main objects Side of buildings
Vehicle ahead
Side of buildings Side of buildings
Object on ground
Side of buildings
Vehicle ahead
Trafﬁc jams Little Little Little Little
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Fig. 8. (1) Comparison result of roll angles at right-hand curve in Section 1 and (2) comparison of roll angles at vehicle passing in Section 2.
0
5
10
15
20
25
1. 5 3
R
ol
l A
ng
le
 (d
eg
) 
Time (sec)
Roll AngleϑCCDϒ
Roll AngleϑGyroϒ
0
5
10
15
20
25
0 0.5 1 5 2 2.
0 5 10 15 20 25
R
ol
l A
ng
le
 o
f C
am
er
a 
(de
g)
Roll Angle of Gyro (deg)
ȤɉɓɔɁɎɃɅȀɔɏȀȴɁɒɇɅɔȚȒȎȐɍ
Fig. 9. Results of camera calibration for roll motion.
66 T. Sekine / IATSS Research 38 (2014) 58–70situationwhen a trafﬁc accident occurs but also linked to GNSS data and
recorded in databases to collect multiple vehicle data and build GIS
maps where sudden braking and near misses occur [24]. The data mea-
sured and provided by actual vehicle driving is called probe data. Big da-
tabases are being built through data collection from a wide range of
information-collecting vehicles.
Several companies are starting to provide services in near real-time
by connecting to these databases and using ICTs such as smartphones.
Examples include providing better routes calculated from data of actual
commute time provided by registered vehicles, providing regional
precipitation information based on windshield wiper usage in four-
wheeled vehicles, and passable road maps based on actual drive histo-
ries in 2011 at the time of the Tohoku earthquake.
As stated in Section 1.2, PTWs are used in Japan for newspaper and
mail delivery, police patrols, and commuting to work and school at nor-
mal times; they are regularly driven on residential roads in special areas,
aswell. By installing probe features on these PTWs, data can be collected
and updated on heavily congested arterial roads and residential roads
alike, with expectations of providing more detailed near-miss maps
for PTWs. At the same time, it makes the image storage of building
and road conditions at normal times possible.
With regard to network communication, however, large amounts of
probe data from many vehicles constantly being transmitted would
overwhelm network broadband capacities and server processes. More-
over, as PTWs becomemore widespread in regions where motorization
is rapidly expanding, as discussed previously, the usage of systems in
countries and regions where high-speed transmission infrastructures
are inadequate should be anticipated as well. Currently, investigations
into standardization in the ITS ﬁeld for database formats and data trans-
fer speciﬁcations such as ISO/TC204 are underway [31].
To achieve efﬁcient probe data transmission, information priority
settings could be added so that ﬂash reports and important data could
be extracted and sent to servers while time series-generated data and
high-resolution video could be recorded onboard for registration with
databases after driving. For example, vehicles could normally transmit
location coordinates only in intervals that allow a judgment of driving
Fig. 10.Measured distance to preceding vehicle.
67T. Sekine / IATSS Research 38 (2014) 58–70record, and when a trafﬁc accident occurs, they could determine the ac-
cident by a set threshold of maximum acceleration such as drive re-
corders do and send this several-second span of data that it can be
used to interpret accident circumstances to a server, so that prompt
emergency services could be dispatched. It is desirable that the probe
terminal for PTWs has a function to determine the threshold.
Here, the use of PTWs equippedwith a probe functionwas tested for
acquisition of the information needed to repair roads in the initial action
in cases of emergency and disaster, as described in Section 2.1.
In this test, smartphones, which have camera, microphone, GPS, and
communication functions, together with triaxial G-sensors and geo-
magnetic sensors, were used for probe functions. Photo 4 shows a vehi-
cle using a prototype smartphone application to record and send data
using internal sensors in a smartphone. The system is geared toward
usage with PTWs and enables voice commands via a Bluetooth micro-
phone for operation while handling the PTW and wearing gloves. It
can also capture images of scenes in front of the vehicle at regular inter-
valswhile recordingGPS reference,magnetic direction, and acceleration
time series data on internal storage. The system can also send voice
comments and attach photographs of scenes in front of the vehicle
along with GPS data using voice prompts and/or a trigger signal.
Fig. 11 is a real-time drive map created to conﬁrm the presence or
absence of obstructions on residential roads using probe functions onPhoto. 4.Motorcycle equipped with probe system using smartphone.PTWs. In this test, proper values of data transmission intervals were
also investigated.
When the communication capacity is severely limited in an emer-
gency situation, the network trafﬁc is reduced as the intervals become
longer. On the other hand, identiﬁcation accuracy of the current position
of the PTW is reduced.
Theﬁgure is a result of vehicle position information being sent in 20-
second intervals. Deviations were seen on some small roads where GPS
signal reception accuracywas low, but it was possible to determine how
traversable roads were. It was also possible to visually determine areas
of congestion by looking at marker intervals on themap. Because a PTW
has a minimum turning radius of less than 2 m and the vehicle width is
narrow, it can turn around at a dead end and pass oncoming cars on
residential roads with a width of less than 4 m. If each PTW's route of
passage is identiﬁed on the web map and can be viewed at any time
in a standard Web browser, it is possible to instruct the search parties
of their working areas in the initial action after a disaster. In Fig. 11,
some of the search vehicles (pink icons) are close to the disaster victim
(light blue icon).
With the assumption that the road condition recognition is used as
the threshold value for reporting, recognition accuracy was tested.
When road surfaces are damaged or uneven due to fallen cargo or nat-
ural disasters such as earthquakes and landslides, prompt identiﬁcation
of these sites for road maintenance services is ideal. In cases of wide-
spread disaster such as the Tohoku earthquake, an important initial
response for rescue teams and aid transportation is to determine the
conditions of roads in the disaster area. At this initial stage of investiga-
tion, using compact PTWs is advantageous, as passage of four-wheeled
vehicles is limited due to damaged roads, trafﬁc congestion, and obsta-
cles such as abandoned vehicles and rubble.
With usage under these circumstances in mind, uneven formations
(three places from 20 to 25 mm tall) intended to simulate road damage
were arranged. A probe vehicle then drove over the formations to
measure data to investigate uneven detection methods (Photo 5).
To detect driving over uneven sections of road, using the pitch angle
was considered because of the pitch rotation motion that occurs in the
vehicle. However, the variation in pitch angle movement balanced be-
tween uneven roads and wheelbase is small, so, as in the case of roll
angle previously discussed, the use of a high-performance gyro is neces-
sary to accurately measure pitch angle, makingmeasurement impracti-
cal. Therefore, an attempt was made to detect pitch angle using vertical
Fig. 11. Validation of transmission interval of vehicular swept path at residential road.
68 T. Sekine / IATSS Research 38 (2014) 58–70acceleration ratio (G) that could be detected with smartphone sensors.
With the two-wheeled alignment at the front and rear of PTWs, the
rear wheel rolls over the same uneven section that the front wheel
does, resulting in two vertical inputs on the body per one uneven sec-
tion, as shown in A (blue line) in Fig. 12.1 (Fig. 12.1 and 2 plot data for
driving over three uneven sections of road.)
The wave pattern of vertical acceleration ratio is difﬁcult to use as a
threshold value for identifying uneven sections of road. So the following
characteristics of motion dynamics was used.
• The time between front wheel transit and rear wheel transit over a
site tw (sec) is found by vehicle speed V (m/s) and wheelbase L (m).
• Vertical movement caused by unevenness attenuates at the third and
fourth cycle due to oil damper movement in the suspension.
• Wave pattern input from front and rearwheels differ in exactitude ac-
cording to front-rear wheel load and unsprung mass, but there is no
signiﬁcant difference in the largest amplitude in the ﬁrst cycle from
PTW speciﬁcations.
The acceleration scalar product of A and B is calculated from these
characteristics using the measured vertical acceleration ratio (A) and
acceleration ratio of just time tw from A wave pattern data (B, redPhoto. 5. Experiment to overcome road bumps.line). (In actual usage, smoothing from three-point moving average
was also used.)
A  B tð Þ ¼ A tð Þ  B tð Þ ¼ A tð Þ  A t−twð Þ ð3Þ
where
tw tð Þ ¼
L
V tð Þ
The calculated acceleration scalar product was the local maximum
value because rear wheel input overlapped with the front and rear
wheel input amplitude peaks (green line in the ﬁgure). Wave patterns
of other sites produced smaller values than the scalar product because
the amplitude of either front or rear wheel was smaller. Fig. 12.1
shows calculation results at 50 km/h and Fig. 12.2 at 20 km/h, but a
range of actual driving speeds between 20 and 60 km/h were also vali-
dated. As shown in Fig. 12, an uneven surface point can be detected as a
peak of the waveform in each of the running speeds. Furthermore, the
size of the unevenness can also be identiﬁed by the magnitude of the
peak value.
Thewheelbase of the experimental vehicle was 1.32m, with the dif-
ference in front wheel transit to rear wheel transit time tw ranging from
0.08 s (60 km/h) to 0.24 s (20 km/h), and the buffer size and calculation
effort required for the data shift was small, meaning that it was suitable
for calculation on the smartphone.
By introducing a probe vehicle equippedwith this kind of extraction
algorithm, near real-time extraction of irregularities in road surface was
feasible. Fig. 13.1 shows the time series data of the vertical acceleration
on a general road. By using the algorithm described above, it is possible
to extract only manhole projections as shown in Fig. 13.2. This tech-
nique is also expected to be used for efﬁcient roadmaintenance services
at normal times by sending only necessary data.
The availability of the system both in emergencies and at normal
times is in accordance with the new medium-term plan of the ITS in
Japan [32]. Therefore, practical application and dissemination of PTWs
with probe functions are expected.
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Fig. 13. (1) Vertical acceleration in national road running and (2) result of manhole detection using the scalar product method.
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70 T. Sekine / IATSS Research 38 (2014) 58–703. Conclusion
• The issues surrounding the current rapid adoption of PTWs primarily
in Southeast Asia were presented, and the importance of reducing the
number of accidents involving PTWs, whose potential to improve
collision safety technologies is structurally limited, was elucidated.
• Requirements of the PTW that carries the probe function were orga-
nized. Validation experiments using PTWs equippedwith probe func-
tions were conducted, and methods for efﬁciently calculating data
were proposed.
• The proposed system can be conﬁgured relatively inexpensively,
allowing for its use in developing nations that are beginning to
implement trafﬁc accident statistical databases and road condition
management systems.
The spread of PTWs with onboard probe functions is expected to
contribute to the safety and security of mobile societies.
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